Abstract: Most studies examining endophytic fungi associated with grasses (Poaceae) have focused on agronomically important species in managed ecosystems or on wild grasses in subtropical, temperate and boreal grasslands. However grasses first arose in tropical forests, where they remain a significant and diverse component of understory and forest-edge communities. To provide a broader context for understanding grass-endophyte associations we characterized fungal endophyte communities inhabiting foliage of 11 species of phylogenetically diverse C 3 grasses in the understory of a lowland tropical forest at Barro Colorado Island, Panama. Our sample included members of early-arising subfamilies of Poaceae that are endemic to forests, as well as more recently arising subfamilies that transitioned to open environments.
endophytes by Rodriguez et al. (2009) . They grow systemically within aerial tissues and share the general trait of alkaloid production, yet exhibit a diversity of transmission modes and effects on host ecology (Siegel et al. 1987 , Clay and Schardl 2002 , Rodriguez et al. 2009 ). As a group they vary in host specificity; some genera specialize on grasses in particular subfamilies or with a particular photosynthetic strategy (i.e. C 3 vs. C 4 pathway), whereas others associate with several subfamilies and/or infect hosts that differ in photosynthetic pathways and associated leaf architecture (Clay 1984 (Clay , 1989 (Clay , 1990 Siegel et al. 1987; Clay and Schardl 2002; Faeth and Fagan 2002 ).
Complementing these Class 1 endophytes are the phylogenetically diverse fungi that occur within above-ground tissues of all major lineages of land plants. These Class 3 endophytes (Rodriguez et al. 2009 ) occur in mosses and liverworts, ferns and allies, and diverse seed plants in agro ecosystems and natural plant communities ranging from tundra to tropical forests (e.g. Lutzoni 2007, Arnold et al. 2009 ). Class 3 endophytes form localized instead of systemic infections, typically spread by horizontal transmission, and often are species rich within individual hosts and host tissues (e.g. Lodge et al. 1996 . Their high diversity in planta presents a challenge for interpreting their costs and benefits to hosts, but investigations of several endophyte associations suggest that individual species and mixed-species assemblages can alter host physiology and defense against antagonists (e.g. Arnold et al. 2003 , Arnold and Engelbrecht 2007 ). Some authors have suggested that their diversity might play an indirectly host-protective role (see Carroll 1991) ; dense infections by diverse fungi might generate a heterogeneous chemical landscape within and among plant tissues and individuals, -potentially constraining the evolution of specialist herbivores or pathogens or defending against diverse antagonists in species-rich settings such as tropical forests .
We are broadly interested in understanding the suite of biotic and abiotic factors that shape fungal endophyte communities. Even though most studies have focused on the incidence and importance of clavicipitaceous endophytes in grasses (reviewed by Siegel et al. 1987 , Clay and Schardl 2002 , Rudgers and Clay 2005 , some Poaceae harbor only Class 3 endophytes, whereas others simultaneously host endophytes from both Class 1 and Class 3 (e.g. Schulthess and Faeth 1998) . The relative importance of subfamily placement and associated evolutionary history of hosts, photosynthetic pathway and associated leaf architecture, introduced versus native status, pressure from antagonists and abiotic features of habitat in affecting the colonization of grasses by Class 1 and Class 3 endophytes has not been fully resolved, in part reflecting a paucity of studies examining endophytes of diverse Poaceae in their native environments. To date most studies of wild grasses have focused on grassland ecosystems, especially in the subtropics, temperate zone and boreal regions (e.g. Saikkonen et al. 2000 , Zabalgogeazcoa et al. 2003 .
However Poaceae first arose and diversified in the shaded margins of tropical forests (Kellogg 2001) , where they remain a significant and diverse component of understory and forest-edge communities (e.g. Croat 1978 ).
The goal of our study was to provide a broader context for understanding grass-endophyte associations by examining foliar endophytic fungi in phylogenetically diverse grasses in the understory of a lowland tropical forest. Here we used culture-based and direct-PCR approaches to examine endophytes associated with 11 co-occurring species in six subfamilies of Poaceae at Barro Colorado Island, Panama. Our sample included early-arising subfamilies that are endemic -to forest environments, as well as more recently arising subfamilies that transitioned to grassland environments. Our study provided a framework for evaluating currently available tools for designating operational taxonomic units (OTUs) from sequence data and revealed that these forest grasses harbor diverse Class 3 endophytes that are (i) predominantly host generalists with regard to grass subfamilies, clades and ancestral habitat, and (ii) shared with diverse non-grass hosts at the same site.
MATERIALS AND METHODS
Study site and host taxa.--This study was conducted at Barro Colorado Island, Panama (BCI; ~ 9°9!N, 79°51!W), which was isolated by the creation of Gatun Lake in 1914 for construction of the Panama Canal. BCI is composed of secondary forest (approximately 100 y old) and mature forest (> 400 y old) and currently is maintained as part of a forest reserve by the government of Panama. Since 1946 research on the ca. 1400 ha island has been coordinated by the Smithsonian Tropical Research Institute.
Eleven locally common species representing six subfamilies of Poaceae (sensu Barker et al. 2001 , Kellogg 2001 were chosen for this study (TABLE I) . All are perennial C 3 grasses that occur frequently in the understory of primary and secondary forest (Croat 1978) . Anomochlooidae and Pharoideae are early-arising lineages of ancestrally forest-dwelling grasses (Kellogg 2001, Edwards and Smith 2010) . Bambusoideae and Ehrhartoideae comprise forest grasses and are sister of the Pooideae, which transitioned to open habitats (Kellogg 2001) . TogetherMultiple host species were sampled within sites when possible. Data regarding spatial distributions of endophytes are evaluated in Higgins (2008) and Higgins et al. (in review) .
Isolation of endophytes.--One overtly healthy, mature leaf was collected from each of three plants per species per site (except for a few cases in which only two individuals were available per site; TABLE I), stored in a clean plastic bag and transported to the lab. Within 6 h leaves were washed with running tap water and cut into 2 mm 2 pieces, which were surface-sterilized with sequential washes of 70% EtOH (2 min), 10% bleach (0.5% NaOCl; 2 min) and 95% EtOH (30 s) (Arnold and Lutzoni 2007) . Fifteen segments per leaf (2925 segments total) were selected at random and plated onto 2% malt extract agar (MEA), which promotes growth by diverse endophytes (Fröhlich and Hyde 1999, Arnold 2002) . Plates were sealed with Parafilm® and incubated at room temperature 12 wk with approximately 12 h light/dark cycles. Emergent hyphae were isolated immediately into pure culture on 2% MEA, allowed to grow 7-14 d and sorted into morphotypes based on culture morphology and pigmentation (Arnold 2002) .
Vouchers of all isolates were deposited in the culture collection of the International Cooperative Biodiversity Group at the Smithsonian Tropical Research Institute (Panama).
DNA extraction and sequencing.--Small pellets of mycelium were stored in 500 "L 2% SDS extraction buffer before DNA extraction following Arnold and Lutzoni (2007) . DNA was extracted from all cultures; from these we selected 402 isolates for sequencing with the goal of maximizing morphological diversity in our sample.
Representatives of all morphotypes were sequenced, and morphotypes were sequenced in proportion to their abundance. Isolates selected for sequencing represented all host species and study sites (SUPPLEMENTARY TABLE I).
We amplified the nuclear ribosomal internal transcribed spacers and 5.8s gene (nrITS) and ca. 600 bp of thewith PCR primers (5 "M). Forward and reverse reads were assembled and bases called by phred and phrap (Ewing et al. 1998 ) with automation provided by Mesquite (Maddison and Maddison 2007 (TABLE II) .
Leaf tissue was surface-sterilized as described above. One ca. 0.5 cm 2 segment per leaf was placed in 750 "L CTAB buffer and homogenized by grinding with miniature pestle and sterile sand ). DNA extraction and amplification followed the methods listed above, except that the volume of template DNA was increased to 1.5 "L, the volume of water decreased correspondingly and the PCR cycle extension increased to 2 min.
Sterile water was used in place of template for controls in each reaction. Studies have shown that this surfacesterilization method prevents accidental amplification of fungal DNA from the leaf surface , Gallery et al. 2007 ). We found no evidence that ITS1F and LR3 amplified plant DNA.
Gel electrophoresis of PCR products with SYBR Green rarely yielded visible bands. To recover fungal amplicons we used a Strataclone PCR Cloning Kit (Stratagene, La Jolla, California) according to the manufacturer's instructions, except that one-half the recommended reagent volumes were used for each reaction. After blue/white screening successfully transformed colonies were transferred to new plates and incubated an additional 24 h to increase colony size. Eight positive clones per leaf were amplified in secondary PCR with primers ITS1F and LR3.
Based on relative gel position after electrophoresis, up to five amplicons of different lengths were selected for sequencing as described above.
Inference of genotype groups.--We designated taxonomic units on the basis of percent sequence similarity (O'Brien et al. 2005 , Arnold and Lutzoni 2007 , Gallery et al. 2007 , Hoffman and Arnold 2008 . This approach provides a metric for estimating richness, diversity and composition in the absence of robust phylogenetic species definitions, which are difficult to achieve in single-site, single-guild biodiversity surveys , U'Ren et al. 2009 ).
A threshold of 95% similarity at the nrITS locus has been shown to correspond to phylogenetically delimited species in four genera of Sordariomycetes and Dothideomycetes that are commonly recovered as tropical endophytes (Botryosphaeria, Colletotrichum, Mycosphaerella, Xylaria; U'Ren et al. 2009 ), all of which were recovered in this study. Incorporation of the first ca. 600 bp of LSU does not affect the quality of these species-boundary estimates (U'Ren et al. in press). Accordingly we used a threshold of 95% nrITS-partial LSU sequence to designate putative species. Because our study examined confamilial host species over a small geographic scale we used operational taxonomic units based on 99% sequence similarity (1% divergence) to obtain a more detailed view of the distribution of strains among hosts while still allowing for small amounts of sequencing error (Gallery et al. 2007 ).
OTUs initially were assembled with Sequencher 4.6 (99% similarity, # 40% overlap; Arnold et al. 2007 For each genus representative sequences from GenBank were aligned in Clustal X 2.0.12 (Larkin et al. 2007) with novel sequences from endophytes at BCI. Taxon sampling of currently recognized species was based on recent studies (e.g. graminicolous Colletotrichum, Crouch et al. 2009 ) and/or drew from the available diversity of species with vouchers or high-quality GenBank records (Anthostomella). For Anthostomella the dataset comprised 11
sequences from GenBank and 43 sequences from BCI (eight isolates from non-grass hosts, 22 isolates from grasses and 13 clones from grasses). For Colletotrichum the dataset comprised 24 sequences from GenBank and 92
sequences from BCI (33 isolates from woody plants, 50 isolates from grasses and nine clones from grasses).
Endophytes from non-grass hosts were isolated, vouchered and sequenced as per above (host information provided in SUPPLEMENTARY TABLE III) .
The alignment for each dataset was adjusted manually in Mesquite (Maddison and Maddison 2007) and evaluated in jModelTest (Posada 2008, Guindon and Gascuel 2003) to infer the appropriate model of evolution (in each case GTR + I + gamma) for Bayesian and maximum likelihood analyses. In the former two sets of four independent runs were conducted for each dataset in MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) , in each case for 3 000 000 generations with sampling every 1000th tree. Runs were terminated after the average standard deviation of split frequencies fell below 0.01. Two thousand trees from the posterior of each Bayesian analysis were used to infer a majority rule consensus tree in Mesquite (Maddison and Maddison 2007) Taxon accumulation curves were non-asymptotic, with bootstrap estimates of OTU richness falling outside the 95% confidence intervals around observed richness (FIG. 1) . Overall 62.8% of OTUs were found only once. Diversity of endophytes did not differ significantly as a function of grass subfamily, clade or ancestral habitat (TABLE I) .
Host specificity of cultured isolates.--Ninety percent of OTUs recovered more than once (i.e.
nonsingletons) occurred in multiple host genera. When analyses were repeated with genotype groups based on 100% sequence similarity 94% nonsingletons were recovered from more than one genus. Jaccard's index of similarity was significantly higher among species within the same subfamily than among hosts in different subfamilies, but the difference (JI = 0.06) is not likely to be biologically significant (Table III) . We found no evidence of greater similarity based on shared membership in clades or similar ancestral habitat (data not shown). When isolation frequency was taken into account, there was no apparent structure based on host subfamily (Morisita-Horn values, , Chiang et al. 2001 , Wirsel et al. 2001 , Hyde et al. 2002 , Márquez et al. 2007 ). In grassland ecosystems, studies of undomesticated grasses frequently detect Class 1 endophytes, in contrast to the prevalence of Class 3 endophytes in related but cultivated grasses, such as maize, -rice, wheat (Tian et al. 2004 , Larran et al. 2007 , Pan et al. 2008 , Saunders and Kohn 2009 ) and certain bamboos (e.g. in temperate Japan, Morakotkarn et al. 2007 ). Because grasses arose and first diversified in association with the shaded margins of tropical forests (Kellogg 2001 ) the goal of our study was to examine the endophyte communities associated with phylogenetically diverse, wild grasses in a tropical forest understory.
The few studies examining fungal endophytes of wild grasses in forests have recovered Class 1 endophytes in diverse Poaceae from temperate woodlands (e.g. Clay and Leuchtmann 1989, Schulthess and . Studies have isolated clavicipitaceous endophytes on MEA (e.g. Schulthess and Faeth 1998 , Marshall et al. 1999 , Gentile et al. 2005 , Wei et al. 2006 , Moon et al. 2007 , and the primers used in our direct-PCR analyses successfully amplified Class 1 endophytes in a study (U'Ren et al. in press). Although taxon-accumulation curves were nonasymptotic and only 80% of estimated genotypic richness was recovered (TABLE I, (TABLE I) .
Consistent with studies of endophytes in woody plants at BCI (Arnold et al. 2000 (Arnold et al. , 2001 (Arnold et al. , 2003 , more than 62% of OTUs found in this study were recovered only once. The large number of rare taxa constrains community-wide inferences of host specificity because host affiliations of only a minority of OTU can be considered. Even so we found that at least 90% of nonsingleton OTUs occurred in more than one genus of Poaceae. This host-generalism is strongly supported not only by OTU analyses based on 99% sequence similarity (TABLE III) but also by genotype analyses based on 100% sequence identity (data not shown) and phylogenetic analyses in two focal genera (FIGS. 2, 3). It is possible that nrITS-partial LSU data are insufficient to diagnose host specificity, especially in closely related and geographically proximate hosts; the limitations of this locus for fine-scale analyses in genera such as Colletotrichum are becoming clearer (Rojas et al. 2010) and future work will require additional loci for confirmation. However, given the tools currently available in large-scale surveys of fungal diversity, our data argue strongly for host generalism among endophytes of these forest grasses. This observation is consistent with the suggestion by Arnold and Lutzoni (2007) that the most common tropical forest endophytes appear to be host generalists (see also Cannon and Simmons 2002) .
Because our study was focused on confamilial plant species within a small geographic area it might be predisposed to conclusions of host generalism; many other organisms that associate with tropical plants tend to be specialized at the level of plant family instead of species or subfamily (e.g. herbivorous insects; Barone 1998). However comparisons between communities of endophytes in grass-and non-grass hosts at BCI suggest little to no specificity at the family level. When viewed through the lens of genotype and phylogenetic composition of their endophyte communities these grasses are indistinguishable from non-grass hosts at the same site.
Although phylogenetic analyses suggest that some clades might consist of only grass-inhabiting taxa, the overall dataset suggests that further sampling will reveal that these clades like others reconstructed here comprise taxa with an apparently wide host range.
When used in concert, culture-based isolation and direct amplification of fungal DNA from host tissue each reveal a unique but complementary view of the overall endophyte community (see also Allen et al. 2003 ). Here direct PCR indicated that ca. three -genetically distinct fungi reside in each 0.5cm 2 piece of leaf tissue in our focal grasses.
Considering the limited sampling effort per leaf and potential limitations of our primers, it is likely that species richness was underestimated. Direct PCR did not recover a greater diversity of fungi than for culture-based isolation with a comparable sampling effort but instead enabled detection of distinctive fungal OTUs that increased the overall diversity of the sample. Direct PCR also recovered two classes, Pezizomycetes and Leotiomycetes, not found in culture-based studies of diverse angiosperms at this forest site (Arnold et al. 2000 (Arnold et al. , 2001 (Arnold et al. , 2003 Arnold and Lutzoni 2007 ).
One of the major challenges in understanding fungal diversity lies in delimiting species or
OTUs for meaningful ecological analyses. Discussions of such issues frequently center on two topics: first, the shortcomings of BLAST-based identification or delimitation, illustrated here by our phylogenetic analyses (FIGS. 2, 3) and the misidentification of some isolates as species of
Claviceps on the basis of BLAST hits alone; and second, the degree of sequence divergence or similarity that should be used to delimit biologically meaningful OTUs (e.g. U'Ren et al. 2009).
A further complication that has received relatively little attention is that currently available algorithms differ markedly in assembling genotype groups. Comparisons between OTUs assembled with FastGroupII and Sequencher highlighted striking differences, with the former over-estimating richness and recovering OTUs that were inconsistent with phylogenetic analyses (TABLE I; FIGS. 2, 3) . Studies have contrasted Sequencher-based OTUs with those inferred from needle and DOTUR , U'Ren et al. 2009 ); in each case Sequencher has provided genotype groups that match the topology of phylogenetic analyses.
Even with conservative estimates provided by Sequencher, our study recovered a high richness of Class 3 endophytes in tropical forest grasses and revealed the overlap of these fungi with co-occurring non-grass hosts. High diversity in planta is a consistent feature of endophyte communities in this species-rich forest (Arnold et al. 2000 (Arnold et al. , 2001 (Arnold et al. , 2003 , prompting us to revisit the implications of Carroll's (1991) perspective that diverse endophyte communities might play a protective role by thwarting the evolution of specialists or impeding attacks by diverse, antagonistic generalists. If endophytes do play such a role, our data could suggest an alternative host-protection strategy for tropical forest versus grassland Poaceae, with forest grasses exploiting the same defense strategy as their dicotyledonous counterparts. Much work is needed to evaluate such a broad hypothesis and will be informed by studies of Class 3 endophytes in wild grasses across the diversity of ecosystems in which they occur. Barker et al. 2001) , subfamilies (Barker et al. 2001) , ancestral habitat use by each lineage (Kellogg 2001, Edwards and Smith 2010) and host species; the number of leaves sampled; isolation frequency (mean ± SE, calculated from the proportion of leaf segments per individual from which a fungus was isolated in culture); the number of isolates sequenced; the number of putative species (95% nrITS sequence similarity) and OTUs (99% nrITS-partial LSU sequence similarity) obtained from analysis in Sequencher (Seq) or FastGroupII (FGII); bootstrap estimates of total richness, calculated in EstimateS with Sequencher-based OTUs; and diversity (Fisher's !) based on OTUs inferred in Sequencher or FastGroupII. genotype groups (B, C, D) 
